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SUMMARY 


Electron  paramagnetic  resonance  (EPR)  and  proton  nuclear  magnetic  reso- 
nance (NMR)  have  been  used  to  investigate  the  main-chain  segmental  motions 
associated  with  the  glass  transitions  in  the  alternating  block  copolymers  of 
bispheno(l-A  polycarbonate  (BPAC)  and  dimethy lsiloxane  (DMS)  and  to  determine 
the  effects  of  a plasticizer  on  molecular  motion  in  these  copolymers.  This 
investigation  also  included  a feasibility  study  of  applying  these  same  cw 
and  pulsed  magnetic  resonance  techniques  to  other  crosslinked  organic  poly- 
mers such  as  epoxy  resins. 

The  stable  nitroxide  radical  4-hydroxy-2,2,6,6-tetramethylpiperidinooxy 
(TANOL)  was  used  as  an  EPR  spin  probe  of  its  static  and  dynamic  environment 
in  the  block  copolymers.  Above  220  K,  the  EPR  spectra  of  50  wt%  DMS/BPAC 
samples  consisted  of  a superposition  of  two  spectra,  a broadline  spectrum  and 
a narrowline  spectrum.  Detailed  studies  showed  that  there  are  two  radical 
phases  wherein  the  TANOL  molecules  are  undergoing  either  slow  molecular 
motions  (the  slow  phase  with  the  broadline  spectrum)  or  fast  motior  (the 
fast  phase  with  the  narrowline  spectrum).  As  the  temperature  increased,  the 
correlation  times  for  the  motions  in  both  phases  decreased,  and  a,  the  ratio 
of  the  number  of  radicals  in  the  fast  phase  to  the  number  in  the  slow  phase, 
increased  such  that  In  a « - AH/RT,  where  AH  = 20.5  kJ/mole.  The  variation 
of  a with  temperature  was  interpreted  to  mean  that  there  is  a distribution  of 
segmental  motional  activity  along  the  DMS  blocks.  The  fact  that  there  were 
two  and  only  two  radical  phases  implied  that  the  radical  is  bound  in  the  slow 
phase  and  'free'  in  the  fast  phase  so  that  when  the  host  environment  under- 
goes segmental  motions,  the  radical  makes  a discontinuous  jump  into  the  fast 
phase.  Hence,  as  the  region  of  segmental  motional  activity  grows  outward 
from  the  centers  of  the  DMS  blocks  with  increasing  temperature,  the  number  of 
radicals  in  the  fast  phase  (and  hence  a)  also  increases. 

The  radical  correlation  times  in  the  slow  phase,  x , and  fast  phase. 

cs  r 

Tcft  for  copolymer  samples  with  50  wt%  DMS/BPAC  (DPDMS  = 20,  DpBPAC  = 6) 
decreased  with  increasing  temperature  and  were  given  by  Tcg  = 2.56  x 10-1° 
exp  (10.5  kJ  mole“’/RT)  s between  230  K and  293  K,  and  x ^ = 5.25  x 10“ 1 exp 
(9.3  kJ  mole-1/RT)  s between  250  K and  300  K.  From  the  NMR  relaxation  data 
between  170  K and  250  K,  the  correlation  time  x^  for  main-chain  segmental 
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motion  of  the  CMS  blocks  in  the  same  copolymer  samples  was  found  to  be  = 
4.19  x 10-1B  exp  (40.3  kJ  mole-1/RT)  s. 

Lineshape  analysis  of  partially  spin-lattice  relaxed  NMR  spectra  was 
used  to  distinguish  motional  activity  as  a function  of  position  in  the  DMS 
block.  This  revealed  that  main-chain  segmental  motion  at  the  centers  of  the 
DMS  blocks  was  greater  than  at  the  ends,  and  the  motion  at  the  centers  in- 
creased as  the  length  of  the  DMS  blocks  was  increased.  As  the  temperature 
was  increased  from  below  the  glass  transition,  extensive  main-chain  segmental 
motion  occurred  in  a small  region  at  the  centers  of  the  DMS  blocks;  re- 
stricted motion  occurred  outside  this  region.  As  the  temperature  was 
increased  further,  this  region  grew  from  the  centers  to  the  ends  of  the  DMS 
blocks  and  into  the  BPAC  domains.  The  temperature  dependence  of  3,  the  ratio 
of  the  number  of  protons  in  the  rubbery  phase  to  those  in  the  rigid  phase, 
was  measured  and  found  to  be  consistent  with  this  interpretation. 

Both  EPR  and  NMR  effects  were  observed  upon  addition  of  perdeuterocyclo- 
hexane,  a selective  plasticizer  for  DMS.  The  most  significant  change  in  the 
TANOL  EPR  spectra  was  an  increase  in  a such  that  a was  linearly  proportional 
to  plasticizer  content  up  to  50  wt%  amounts  of  plasticizer.  The  NMR  line- 
widths  of  both  the  aromatic  and  methyl  proton  resonances  decreased  on  addi- 
tion of  the  plasticizer  and  indicated  that  the  motions  of  the  DMS  blocks  and 
some  of  the  BPAC  blocks  had  been  increased. 

Preliminary  EPR  and  NMR  experiments  demonstrated  the  applicability  of 
using  these  techniques  to  study  glass  transition  phenomena  in  epoxy  resins 
and  other  organic  polymer  systems. 
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1.  INTRODUCTION 


In  this  report,  we  describe  the  results  of  our  study  of  the  main-chain 
segmental  motions  associated  with  the  glass  transitions  in  the  random  alter- 
nating block  copolymers  of  bisphenol-A  polycarbonate  (BPAC)  and  dimethyl- 
siloxane  (DMS)  using  pulsed  nuclear  magnetic  resonance  (NMR)  and  pulsed  and 
cw  electron  paramagnetic  resonance  (EPR)  techniques.  This  study  is  an  attempt 
to  better  characterize  the  main-chain  segmental  motions  in  the  region  of  the 
glass  transition  temperature  and  identify  at  a molecular  level  how  the  seg- 
mental motions  are  affected  by  the  degree  of  crosslinking  and  the  presence  of 
a plasticizer.  In  addition,  we  have  evaluated  the  feasibility  of  applying 
these  techniques  to  other  crosslinked  organic  polymers,  e.g.,  epoxy  resins. 

Over  the  past  few  years,  EPR  spin- probes  and  spin-labels  have  been  used 

to  investigate  molecular  motional  effects  in  biological^  and  synthetic  poly- 

2 

mers.  In  this  technique,  a stable  nitroxide  free  radical  is  covalently 
bound  at  known  specific  sites  in  the  polymer  (spin-label)  or  dissolved  in  the 
polymer  as  a guest  molecule  (spin-probe).  In  either  case,  the  radical  acts 
as  a probe  of  its  dynamic  environment  in  the  polymer.  The  nitroxide  radicals 
are  particularly  good  candidates  as  EPR  probes  because  (1)  they  are  chemi- 
cally stable  and  (2)  the  EPR  spectrum  is  fairly  readily  analyzable  in  terms 
of  an  electron  spin  1/2  coupled  to  a single  nitrogen  nuclear  spin  1.  We  have 
used  the  spin-probe  technique  to  investigate  the  main-chain  segmental  motions 
of  the  block  copolymers  in  this  contract. 

In  solid  polymers,  proton  NMR  spectra  are  broadened  by  dipolar  inter- 
actions so  that  usually  only  a single  line  is  observed  and  the  chemical  shift 
data  are  unavailable.  Recently,  multiple-pulse  techniques  have  been  devised 
whereby  this  dipolar  broadening  is  substantially  reduced  and  the  chemically- 
shifted  lines  associated  with  the  nuclei  in  different  molecular  groups  can  be 

3 

resolved.  The  relaxation  times  for  each  type  of  proton  can  then  be  measured, 
and  hence  the  molecular  motional  effects  at  each  proton  can  be  determined 
independently.  We  have  used  conventional  proton  NMR  methods  to  measure  the 
relaxation  times  of  the  bulk  protons  in  the  block  copolymers  and  multiple- 
pulse  methods  to  distinguish  the  motion  of  protons  in  different  molecular 
groups . 
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2 . BLOCK  COPOLYMERS 


2.1  Sample  Description  and  Preparation 


2.1.1  Sample  Description 


In  the  alternating  block  copolymers,  the  BPAC  blocks  are  thought  to  asso- 
ciate into  rigid  domains  which  act  as  physical  crosslinks  for  the  more  mobile 
DMS  blocks.^*  The  model  shown  in  Figure  1 illustrates  such  domain  formation 
in  the  microstructure.  The  crosslink  density  depends  on  the  composition  and 
block  lengths,  and,  as  a result,  these  copolymers  range  in  type  from  rigid 
solids  to  rubbery  solids'*  at  room  temperature. 


Association  of 
glassy  blocks 
into  domains 
(rigid) 


Rubbery  blocks 
(mobile) 


(")  Glassy  BPAC  monomer  units 
O Rubber  DMS  monomer  units 

Figure  1 Microstructure  of  alternating  block  copolymers. 


These  copolymers  show  a two-phase  behavior  in  that  the  mechanical  proper- 
ties have  two  major  relaxations  which  have  been  attributed  to  two  glass 

4 

transition  temperatures.  Thus,  in  copolymer  samples  with  a DMS/BTAC  ratio 


of  50  wc%  (DP_ 


20,  DPjjpAC  = 6),  the  relaxation  occurring  at  170  K has  been 


associated  with  the  onset  of  main-chain  segmental  motions  in  the  DMS  blocks, 
whereas  the  relaxation  at  345  K has  been  associated  with  the  onset  of  the  seg- 


2 


mental  motions  in  the  BPAC  blocks.  The  corresponding  glass  transition  tem- 
peratures in  the  DMS  and  BPAC  homopolymers  are  150  K and  423  K. 

Table  1 lists  the  compositions,  block  lengths,  and  molecular  weights  of 
the  copolymers  investigated. ^ Figure  2 shows  the  chemical  structure  of  the 
blocks. 


TABLE  1 CHARACTERISTICS  OF  COPOLYMERS  STUDIED 


DMS 

(wt%) 

BPAC 

(wt%) 

Number  average 
degree  of  polymerization 
of  DMS  blocks, 

dpdms 

Number  average 
degree  of  polymerization 
of  BPAC  blocks, 

dprpac 

Number  average 
molecular  weight 

mn 

25 

75 

20 

17.7 

- 

50 

50 

20 

6.0 

- 

65 

35 

20 

3.3 

60  000 

65 

35 

100 

15.9 

51  000 

OP77  OM2  2I 


la)  CH3  O CH3 

— ch3  — _ ch3  DP 


dpBPAC  " 1 


CHl 


lb) 


CH3  DPDMs 


GP77  0962  30 


Figure  2 Chemical  structure  of  (a)  bisphenol-A  polycarbonate  (BPAC)  and 
(b)  polydimethylsiloxane  (DMS)  blocks. 


2.1.2  Se.,iple  Preparation  for  EPR  Studies 

In  the  EPR  experiments,  we  used  the  stable  nitroxide  radical  4-hydroxy- 
2,2,6, 6-t e tr amethyl piper id inooxy  [TANOL,  Figure  3(a)]  as  a spin  probe  in  the 
block  copolymers.  The  perdeuterated  analog  of  this  radical  [TANOLD,  see  Fig- 
ure 3(b)]  was  also  used  in  selected  experiments  to  aid  in  the  evaluation  of 
the  sp in-Hamiltonian  parameters  used  in  the  lineshape  simulations. 
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H OH  D OD 

A A 

LCH3  CD  ^ L( 


. ' 'N 

^3  | 

O' 


ch3  cd3  ” 


Figure  3 The  spin-probes  used. 

(a)  4-hydroxy-2,2,6,6-tetramethylpiperidinooxy  (TANOL) 

(b)  the  perdeuterated  analog  of  (a)  (TANGlD) 


Known  weights  of  TANOL  10  mg)  were  dissolved  in  10  mL  amounts  of 
methylene  chloride.  Known  volumes  of  these  solutions  were  added  to  solutions 
of  the  block  copolymer^  in  methylene  chloride  using  micropipettes  (500  yL  and 
100  yL).  Thin  transparent  films  were  obtained  when  these  solutions  evaporated 
slowly  over  a 48  h period.  Trapped  solvent  was  removed  from  the  films  by 
heating  in  a vacuum  oven  for  24  h at  ^ 50°C.  The  films  were  cut  into  thin 
strips  and  compression  molded  into  3.2  mm  o.d.,  10  mm  long  cylindrical 
samples  at  ^ 130°C.  The  samples  were  kept  in  5 mm  o.d.  NMR  tubes  which  were 
inserted  into  the  low-temperature  dewars  mounted  in  the  EPR  cavity.  The 
oxygen-free  samples  were  prepared  by  further  pumping  on  a vacuum  line  to  10 
mPa  10“5  Torr)  for  24  h before  sealing  the  sample  tubes. 


2.1.3  Sample  Preparation  for  NMR  Studies 


2.2  EPR  Studies 


2.2.1  Temperature  Dependence  of  Lineshapes 

The  EPR  lineshapes  of  samples  containing  different  concentrations  of  the 
free  radical  TANOL  were  studied  from  77  to  400  K at  9.5  GHz.  Examples  of  the 
spectra  obtained  at  different  temperatures  are  shown  in  Figure  4.  Between  77 
and  220  K,  the  observed  spectra  (the  spectrum  taken  at  118  K displayed  in 
Figure  4 is  a typical  example)  exhibit  lineshapes  expected  from  a nitroxide 
radical  undergoing  increased  motions  with  increasing  temperature.  Above  220 
K,  the  observed  spectra  appear  to  be  the  superposition  of  two  spectra:  (1)  a 
broadline  spectrum  (the  peaks  belonging  to  this  spectrum  are  denoted  by  S in 
Figure  4)  and  (2)  three  narrow  lines  centered  close  to  the  middle  peak  of  the 
broadline  spectrum  (the  peaks  belonging  to  this  spectrum  are  denoted  by  F in 
Figure  4).  The  extrema  splittings  (i.e.,  the  difference  in  magnetic  field 
values  for  the  outermost  peaks)  for  the  broadline  and  narrowline  spectra  are 
plotted  in  Figure  5. 

We  attribute  the  broadline  spectrum  to  a slow  (S)  phase  where  the  radi- 
cals are  undergoing  slow  molecular  motions  and  the  narrowline  spectrum  to  a 
fast  (F)  phase  where  the  radicals  are  undergoing  much  faster  motions.  An 
alternative  explanation  for  the  lineshapes  observed  above  220  K would  be  the 
following.  These  spectra  are  assigned  to  one  radical  phase,  and  the  narrow 
lines  are  attributed  to  an  incomplete  averaging  of  hyperfine  and  g-anisotropy , 
possibly  brought  about  by  anisotropic  motion.  We  have  exerted  considerable 
effort  to  establish  that  the  former  explanation  (i.e.,  the  presence  of  two 
superimposed  spectra)  is  the  correct  one.  The  results  of  the  following  exper- 
iments support  this  conclusion. 
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Figure  4 E PR  spectra  observed  at  different  temperatures  for  a sample  of  the  block  coploy mer  with 
50  wt%  DMS/BPAC  (DPgp^  * 6 and  OPp^s  = 20)  containing  the  stable  free  radical 
TANOL.  The  derivative  peaks  associated  with  the  slow  phase  and  fast  phase  are  denoted 
by  S and  F,  respectively. 


Slow  phase 


Fast  phase 


Temperature  (K) 


Figure  5 The  temperature  dependence  of  the  or«i«r  parameter  Sr  (■  A'z/A;l  end  the  EPR  extrema 
(the  difference  in  tho  mcpnetic  fix'd  veluss  for  the  ojteimoft  peak*)  for  the  broadlme 
spectrum  (slow  phase)  end  the  narrojvlme  spectrum  (fast  phase).  The  radical/polymer 
concentrations  ate  0 5,  0 99  and  0.04  >.vf%  for  the  points  denoted  by  o,  a and  o, 
respectively. 


2.2.2  Relaxation  Times 


The  broadll.te  and  narrowlinc  spectra  snow  a different  dependence  on 
microwave  powe--  saturation  indicating  that  the  values  of  the  electron  spin- 
lattice  relaxation  time  for  the  slow  and  fast  phases  are  different.  An  is 
shown  in  Figure  6,  the  breadline  .‘■pec c rum  can  be  progressively  reduced  in 
amplitude  with  increasing  microwave  power  with  no  reduction  in  the  amplitude 
of  tiie  narrowline  spectrum  until  at.  a power  increase  of  30  dB  the  fcioadline 
spectrum  can  be  reduced  to  almost  rero  intensity.  The  actual  tempers  Cure 


dependence  from  77  to  29' 
the  slow  phase  has  been  i 


Figure  6 The  dependence 
with  30, 10,  and 


Pulsed  experiments  Involving  the  generation  of  electron  spin  echoes  show 

that  the  phase  memory  time  (viz.,  the  time  that  characterizes  the  two-pulse 

electron  spin  echo  envelope  decay)  is  much  longer  for  the  slow  phase  than  for 

the  fast  phase.  This  is  exhibited  in  the  following  way.  If,  as  is  shown  in 

Figure  7,  two  microwave  pulses  of  width  P are  applied  at  t = 0 and  t = T,  the 

electron  spin  echo  appears  at  t = 2x.  As  T is  increased,  the  echo  height 

decreases,  and  the  overall  echo  envelope  decay  is  characterized  by  the  phase 

memory  time  T__  which  can  be  defined  as  the  time  for  the  echo  amplitude  to 
M 

attenuate  to  1/e  of  its  value  at  T = 0.  Spectra  can  be  obtained  by  recording 
the  echo  height  versus  magnetic  field  using  a boxcar  integrator  with  the  box- 

g 

car  gate  set  at  t = 2t  and  a gate  width  less  than  the  echo  width. 


Microwave  pulses  Echo 


OP77  0M2  1] 

Figure  7 The  pulse  sequence  used  to  observe  the  two-pulse  electron  spin  echo. 


If  a system  contains  two  free  radicals  with  widely  different  values 
Tj,q  and  where  T ^ » T^*  we  have  found  that  it  is  possible  to  record  an 

echo  height  spectrum  of  only  the  species  with  the  T^  value  by  choosing  T 
such  that  £ T >>  T^*  Thus,  in  the  contractual  period,  we  have  developed 
this  form  of  electron  spin  echo  spectroscopy  into  a form  of  time  domain  spec- 
troscopy where  it  is  possible  to  select  and  record  one  spectrum  from  a super- 
position of  two  EPR  spectra  with  different  relaxation  times. 

We  have  applied  this  technique  to  the  block  copolymers,  and  Figure  8 
shows  the  results.  Figure  8(a)  is  the  EPR  absorption  showing  the  slow  phase 
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in  the  manner  described  in  Section  2.2.5.  Figure  8(b)  shows  the  echo  height 

spectrum  obtained  with  the  pulse  sequence  shown  in  Figure  7 with  P = 20  ns, 

T = 800  ns.  Although  it  is  not  exactly  the  shape  of  the  broadline  absorption 

in  Figure  8(a),  it  closely  approximates  it.  There  is  no  indication  of  the 

narrow  lines  in  this  spectrum,  presumably  because  the  value  of  for  these 

lines  is  T,.„  <<  800  ns.  We  have  thus  separated  and  selectively  recorded  the 
M2 

broadline  spectrum  only. 


Figure  8 (a)  The  EPR  absorption  spectrum  resulting  from  an  integration  of  the  EPR  derivatives 

spectrum  of  TANOL  in  the  block  copolymer  with  50  wt%  DMS/BPAC  (DPgPAC  = ®. 
DPDMS  “ 20)  recorded  at  294  K.  The  dashed  lines  are  estimates  of  the  broadline 
lineshapes. 

(b)  The  two-pulse  echo  height  versus  magnetic  field  for  the  same  sample  as  used  to  obtain 
(al  with  P * 20  ns,  r ■ 800  ns. 


Furthermore,  using  a single  tt/2  pulse,  it  has  been  possible  to  detect  the 
free-induction  decay  from  each  of  the  three  narrow  lines  with  a time  charac- 
terizing this  decay  of  % 30  ns.  The  free-induction  decay  signals  from  the 


broad  lines  were  not  observed  because  they  are  determined  by  a value  of  << 
50  ns.  They  are,  in  fact,  given  by  a time  1/yHj,  where  is  the  amplitude 
of  the  microwave  magnetic  fields,  so  that  in  our  experiments  with  = 7 G,  we 
can  expect  them  to  have  a £ 8 ns. 

Thus,  using  a two-pulse  sequence,  the  echo  height  spectrum  will  respond 
only  to  the  broadline  (slow  phase)  lineshape.  On  the  other  hand,  using  a 
single  pulse,  the  f ree-induction  decay  signal  responds  only  to  the  narrowline 
spectrum.  The  above  relaxation  experiments  indicate  that  the  broadline  spec- 
trum is  inhomogeneously  broadened,  whereas  the  narrow  lines  are  homogeneously 
broadened  (or  nearly  so).  Thus,  the  broadline  and  narrowline  spectra  have  a 
completely  different  character. 

2.2.3  Effect  of  Molecular  Oxygen 

It  was  observed  that  the  EPR  linewidths  of  the  narrowline  spectrum  are 
sensitive  to  the  presence  of  molecular  oxygen,  whereas  the  broad  lines  are 
unchanged.  Thus,  at  294  K,  both  the  low-  and  high-field  lines  in  the  narrow- 
line spectrum  had  linewidths  of  0.24  + 0.01  mT  measured  with  the  sample 
exposed  to  air,  but  0.18  + 0.01  mT  when  the  sample  was  in  vacuum.  This  line 
broadening  is  caused  either  by  Heisenberg  exchange  or  electron-electron 
dipolar  interactions  between  the  unpaired  spin  on  the  nitroxide  spin-probe  and 
the  paramagnetic  molecular  oxygen  which  is  sorbed  into  the  solid  polymer. 

On  exposure  of  evacuated  samples  to  air,  the  line  broadening  is  also 
accompanied  by  a decrease  in  intensity  of  the  narrow  lines.  We  investigated 

this  effect  by  measuring  the  intensity  of  the  high-field  narrow  line  at.  differ- 

ent times  following  exposure  of  an  evacuated  sample  to  air.  The  results  are 
plotted  in  Figure  9.  The  time  dependence  of  the  peak  height  is  due  to  the 

time  taken  for  the  oxygen  to  diffuse  into  the  solid  polymer  and  suggests  an 

EPR  method  of  determining  the  diffusion  coefficient  for  oxygen  into  the  solid 
block  copolymers. 
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Figure  9 Peak-to-peak  height  of  the  high  field  line  in  the  fast  phase  versus  exposure  time  of  the 
sample  to  air.  The  sample  which  had  a 50  wt%  DMS/BPAC  ratio  and  block  lengths 
dpDMS  = 20,  DPqpac  = 6 contained  TANOL. 


2.2.4  Effect  of  Radical  Concentration 

The  temperature  dependences  of  the  lineshapes  were  measured  with  radical 
concentrations  of  0.5,  0.09,  0.04,  and  0.017  wt%.  As  is  shown  in  Figures  5 
and  10,  the  extrema  splittings  are  independent  of  radical  concentration, 
whereas  the  linewidths  of  the  narrow  lines  depend  on  radical  concentration  for 
radical/polymer  ratios  % 0.5  wt%. 
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Figure  10  The  temperature  dependence  of  the  EPR  linewidth  of  the  low  field  line  in  the  fast  phase. 
The  radical/polymer  concentrations  are  0.5,  0.09,  0.04,  and  0.015  wt%  for  the  points 
denoted  by  o,  a,  o,  and  □,  respectively. 
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2.2.5  Equilibrium  Between  Fast  and  Slow  Phases 

The  temperature  dependence  of  the  spectra  observed  between  220  and  400  K 
suggests  that  there  is  an  equilibrium  between  the  number  of  radicals  in  the 
fast  phase  and  the  number  of  radicals  in  the  slow  phase.  The  peak  heights  in 
the  first  derivative  spectra  indicate  that  the  number  of  radicals  in  the  fast 
phase  increases  at  the  expense  of  the  number  of  radicals  in  the  slow  phase, 
but  the  relative  numbers  in  each  phase  are  reproducible  on  cycling  the  tem- 
perature. For  example,  Figure  11  shows  that  at  234  K most  of  the  radicals  are 
in  the  slow  phase  with  few  in  the  fast  phase,  whereas  at  331  K the  opposite 
holds. 
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Figure  1 1 EPR  spectra  observed  at  234  and331  K for  a sample  of  the  block  copolymer  with  50  wt% 
DMS/BPAC  (DPbPAC  = 6 and  DPqMS  = 20)  containing  the  stable  free  radical  TANOL. 
The  derivative  peaks  associated  with  the  slow  phase  and  fast  phase  are  designated  S and  F, 
respectively. 


mtmmmamm 


The  low-field  and  high-field  lines  of  the  broadline  spectrum  are  fairly  well 
determined.  Estimates  of  the  overlap  of  the  central  lines  primarily  establish 
the  error  bars. 


The  temperature  dependence  of  a shown  in  Figure  13  indicates  that  In  a is 
linearly  proportional  to  1/T  with  a slope  that  defines  an  enthalpy  AH  given  by 

AH  = R x slope 

= 20.5  +3.5  kJ/mole, 

where  R is  the  universal  gas  constant. 
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2.2.6  Interpretation  of  EPR  Results 

All  the  above  results  involving  the  behavior  of  the  relaxation  times  and 
the  dependences  of  the  spectra  on  molecular  oxygen,  radical  concentration,  and 
microwave  pulse  sequences  are  consistent  with  the  interpretation  that  above 
220  K there  are  two  radical  phases  present.  These  are  phases  in  the  sense 
that  the  radical  can  be  present  in  one  of  two  different  environments.  As  is 
indicated  from  the  shapes  of  the  spectra  and  the  results  in  Figures  5 and  10, 
the  motional  frequencies  of  the  radicals  in  both  phases  increase  with  increas- 
ing temperatures,  but  at  any  given  temperature,  the  motions  are  much  faster  in 
one  phase  than  in  the  other. 

2 

We  assume,  as  previous  work  indicates,  that  the  correlation  time  for  the 
radical  motions  decreases  with  decreasing  values  of  the  correlation  time  for 
the  segmental  motions  of  the  adjacent  main  chains.  Hence,  we  assign  the  fast 
phase  to  radicals  located  in  rubbery  DMS  block  environments,  i.e.,  blocks 
which  are  undergoing  main-chain  segmental  motions  and  hence  are  above  their 
glass  transition  temperature.  The  slow  phase  is  attributed  to  radicals 
located  in  domains  of  associated  BPAC  blocks  and  in  regions  of  DMS  blocks 
whose  segmental  motions  are  restricted  by  the  proximity  of  the  rigid  BPAC 
domains.  This  model  therefore  incorporates  the  idea  of  distributions  (in 
frequency  and/or  amplitude)  of  segmental  motional  activity  along  the  DMS 
chains  and  hence  is  consistent  with  the  NMR  results  described  in  Section  2.3. 

However,  the  idea  of  distributions  of  segmental  motions  resulting  from 
restrictions  imposed  by  the  rigid  associated  BPAC  blocks  raises  the  question: 
why  are  there  only  two  spectra  observed?  At  any  temperature  above  the  lower 
glass  transition  temperature,  because  of  the  distribution  in  segmental 
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motional  activity,  one  would  expect  the  superpositio  i of  a distribution  of 
spectra,  each  characterized  by  a correlation  time,  which  can  range  in  values 
from  the  slow  to  the  fast  motional  extremes.  However,  the  observed  spectra 
would  appear  to  indicate  only  two  situations  of  fast  and  slow  motions  with  no 
intermediate  cases.  This  puzzling  feature  has  led  us  to  conclude  that  the 
TANOL  spin-probe  is  bound  to  certain  sites  in  the  polymer  when  it  is  in  the 
slow  phase;  one  possibility  is  hydrogen  bonding  between  the  OH  group  on  the 
nitroxide  and  the  oxygen  in  the  DMS  block. 

When  the  correlation  time  for  segmental  motion  of  this  DMS  block  reaches 
a certain  value,  there  is  sufficient  thermal  energy  to  detach  the  TANOL  from 
its  bound  site.  The  radical  will  then  make  a discontinuous  transition  from 
the  slow  to  the  fast  phase.  Thus,  in  the  bound  state,  the  TANOL  can  still 
undergo  localized  motions,  but  these  will  have  much  longer  correlation  times 
than  the  end-over-end  tumbling  motions  possible  when  it  is  free. 

At  temperatures  just  above  220  K,  only  the  less  restricted  DMS  monomer 
units  at  the  center  of  the  DMS  blocks  will  undergo  enough  segmental  motional 
activity  to  allow  the  spin  probes  located  in  these  regions  to  be  free  and  in 
the  fast  phase.  As  this  segmental  motion  grows  out  from  the  center  of  the 
DMS  blocks  with  increasing  temperature,  more  radicals  will  be  free  and  in  the 
fast  phase.  This  model  will  then  account  for  the  equilibrium  between  the  fast 
and  the  slow  radical  phases. 

The  exact  interpretation  of  the  enthalpy  AH  depends  on  how  the  TANOL 
radicals  can  get  from  the  slow  to  the  fast  phase.  This,  in  turn,  depends  on 
the  exact  type  of  molecular  motion  the  radical  undergoes.  There  are  two 
extreme  situations.  If  the  radical  is  undergoing  fast  translational  motions 
when  it  is  free,  on  increasing  the  temperature,  the  radicals  can  diffuse  from 
the  rigid  regions  into  the  rubbery  regions;  the  value  of  AH  is  then  determined 
by  (a)  the  difference  between  the  heat  of  solution  of  the  radical  in  the 
rubbery  region  and  the  heat  of  solution  of  the  radical  in  the  rigid  regions, 
and  also  (b)  the  binding  energy  of  the  radical-polymer  bond.  On  the  other 
hand,  if  the  radical  undergoes  rotational  diffusion  only  at  a fixed  location 
when  it  is  free,  then  the  radical  can  go  from  the  slow  to  the  fast  phase  when 
the  boundary  defining  the  region  of  segmental  motional  activity  recedes  past 
it.  The  value  of  AH  is  determined  by  (1)  the  enthalpy  involved  in  the  process 
of  the  rigid  DMS  blocks  becoming  rubbery  and  (2)  the  binding  energy  of  the 
radical-polymer  bond. 
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We  cannot  be  certain  which  of  these  interpretations  is  correct,  but  it 

seems  that  the  latter  is  more  probable  since  we  expect  the  translational 

diffusion  rates  out  of  the  rigid  regions  to  be  slow. 

9 

The  apparent-phase  effect  proposed  by  Resing  explains  some  of  the  NMR 
results  where  the  observed  lineshape  was  a superposition  of  a narrow  line  on  a 
broad  line.  These  lines  were  attributed  to  a wide  distribution  of  correlation 
times  rather  than  to  two  phases.  However,  we  discount  the  possibility  that  a 
wide  distribution  of  correlation  times  will  explain  our  observations  of  two 
superimposed  spectra.  Even  without  detailed  computer  simulations,  we  would 
expect  that  the  summation  of  spectra  over  the  required  range  of  correlation 
times  ( 10— 8 to  10-10  s)  would  result  in  a center  peak  with  a much  higher 
intensity  relative  to  the  outer  lines  than  is  observed  and  shown  in  Figure  4. 

2.2.7  Effect  of  Varying  Composition 


A measurement  of  a was  made  on  a copolymer  sample  with  65  wt%  DMS/BPAC 
(DPdms  = 20,  DPBpAC  = 3.3)  at  293  K by  the  method  outlined  in  Section  2.2.5. 
The  value  of  a = 0.36  was  obtained  and  should  be  compared  with  the  value 
measured  in  the  50  wt%  DMS/BPAC  (DpDMS  = 20,  DPBpAC  = 6)  sample  (a  = 0.12  in 
Figure  13). 

If  a depended  only  on  the  composition,  a value  of  a = 0.22  should  have 
been  measured.  The  excess  value  of  a suggests  that  at  293  K larger  regions  of 
the  DMS  blocks  are  undergoing  main-chain  segmental  motions  in  the  65  wt%  DMS 
sample  than  in  the  50  wt%  sample.  The  increased  mobility  of  the  DMS  blocks  in 
the  65  wtX  sample  could  arise  because  not  all  the  BPAC  blocks  are  in  domains.^ 
The  tendency  for  this  effect  to  occur  would  be  expected  to  increase  with 
decreasing  BPAC  block  length. 


2.2.8  Computer  Simulations  and  Motional  Correlation  Times 


An  effort  was  made  to  computer  simulate  the  EPR  spectra  of  the  nitroxide 
radicals  we  have  observed  in  the  block  copolymer  samples.  Two  programs  have 
been  used:  one  to  simulate  the  spectra  of  rigid,  randomly  oriented  nitroxide 
radicals  and  the  other  to  simulate  the  spectra  of  radicals  undergoing  molecu- 
lar tumbling. ^ 

First  values  of  the  parameters  characterizing  the  EPR  spectra  of  the 
nitroxide  radical  in  a rigid  block  copolymer  medium  must  be  determined.  The 
values  of  these  parameters  are  then  substituted  into  the  program  which  simu- 
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lates  the  effects  of  molecular  motion.  The  molecular  motional  correlation 
times  T (the  Inverse  is  2tt  times  the  motional  frequency)  can  be  obtained  in 
principle  by  comparing  the  observed  spectra  with  the  computer-generated  spec- 
tra employing  as  a variable  parameter. 

The  rigid  spectrum  is  generated  by  summing  the  correctly  weighted  con- 
tributions from  radicals  at  all  orientations.  Seven  variable  parameters  are 
involved  in  a fit  of  the  simulated  spectrum  to  the  observed  spectrum.  These 
parameters  are  (g^,  gy,  Rz) « (Ax»  Ay,  A^),  the  principal  values  of  the  g ten- 
sor and  nitrogen  hyperfine  coupling  tensor,  respectively,  and  1^,  the  electron 
spin-spin  relaxation  time  which  is  a measure  of  the  broadening  of  each  contri- 
bution to  the  overall  lineshape. 

Although  reasonable  fits  could  be  obtained  for  the  rigid  spectrum  of  the 
nitroxide  radical  TANOL  taken  at  77  K,  a more  precise  determination  of  the 
seven  parameters  could  be  obtained  by  first  simulating  the  spectrum  observed 
from  TANOLD,  the  perdeuterated  analog  of  TANOL.  The  observed  lines  in  this 
spectrum  were  narrower  because  the  proton  broadening  was  reduced  and  there  is 
indication  of  the  g and  A anisotropy  in  the  structure  of  the  observed  spectrum 
shown  in  Figure  14(a).  The  best  fit  to  this  spectrum  is  shown  in  Figure  14(b) 
and  was  generated  with  the  following  parameters'  values: 


g = 2.0100,  g = 2.0063,  g = 2.0027, 

x y z 

A = 0.65  mT,  A = 0.65  mT,  A = 3.45  mT, 

x y z 

T^  = 2.5  x 10-8  s. 

A computer  simulation  of  the  rigid  TANOL  spectrum  was  then  obtained  by 
assuming  that  the  values  of  all  the  parameters  except  the  broadening  parameter 
T^  were  the  same  as  for  TANOLD.  Thus,  Figure  15(b)  is  the  best-fit  to  the 
observed  TANOL  spectrum  obtained  at  77  K and  shown  in  Figure  15(a).  This 
best-fit  is  given  by  the  parameters 


g = 2.0100, 

x 

A = 0.65  mT, 
x 

T2  = 1.6  x 10~8  s. 


gy  = 2.0063,  gy  = 2.0027, 

A = 0.65  mT,  A = 3.45  mT, 

y z 


i 
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Figure  14  (a)  fhe  ERR  spectrum  of  TANOLD  (the  perdeuterated  analog  of  TANOLI  in  the  block 
copolymers  of  50  wt%  DMS/BRAt  (DPePAC  * 6 ln<f  DPqmS  * 20)  observed  at  77  K 
(bi  The  best-fit  computer  simulation  of  the  observed  spectrum  in  (a). 
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Figure  15  (a)  The  ERR  spectrum  of  TANOL  in  the  block  copolymers  of  50  wt%  DMS/BPAC 
(OPbPAC  “ 6.  OpDMS  = 20)  observed  at  77  K. 

(b)  The  best-fit  computer  simulation  of  (a). 

The  computer  simulations  of  the  spectra  of  the  TANOL  spin-probe  under- 
going slow  molecular  motions  showed  a feature  that  did  not  agree  with  the 
behavior  of  the  experimental  spectra.  As  is  illustrated  in  Figure  16,  and 
A„  are  defined  as  the  half-widths  at  half-height  of  the  high-field  and  low- 
field  lines  in  the  broadline  spectrum,  respectively.  These  widths  were 
measured  as  a function  of  temperature,  and  the  results  are  plotted  in  Figure 
17.  Both  widths  show  a minimum  occurring  at  approximately  190  K.  On  the 
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other  hand,  our  computer  simulations  and  Freed's  theoretical  work  indicate 
that  A and  should  increase  monotonically  with  decreasing  Tc  values.  This 
discrepancy  was  serious  enough  that  an  exact  analysis  of  the  spectra  and  an 
evaluation  of  the  temperature  dependence  of  Tc  from  detailed  computer  simula- 
tions was  not  attempted.  Instead,  we  have  used  a more  simplified  analytical 
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approach  outlined  by  Freed  to  obtain  approximate  values  of  Tcg,  the  correla^ 
tion  time  for  the  motions  of  the  radical  in  the  slow  phase. 

In  this  treatment,  T is  given  by 


where  is  the  order  parameter  defined  as  A^'/A^,  and  A^',  are  the  extrema 
splittings  in  the  presence  of  motion  and  in  the  rigid  lattice  case,  respec- 

r f 

tively;  a and  b are  parameters  that  depend  on  Ag  and  A^,  the  values  of  A^  and 
A^  in  the  rigid  lattice.  The  values  of  a and  b are  listed  in  Reference  12  for 
different  values  of  6,  where  6 = 2A„/1.59. 
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Figure  16  An  illustration  of  the  definition  of  Ah  and  Az 
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Figure  17  Temperature  dependence*  of  the  half -width  at  half-height  for  extrema  is  for  low-field 
extremum,  is  for  high-field  extremum)  for  TANOL  in  the  block  copolymer  of  BPAC 
and  DMS  with  DMS/BPAC  * 50  wt%  and  block  lengths  DPqMS  = 20,  DPbPAC  = 6. 


The  values  of  measured  at  different  temperatures  and  shown  in  Figure  5 

were  converted  into  T values  using  Equation  (1).  Because  of  the  uncertainty 

c s 

r r r 

in  A^,  the  data  were  analyzed  using  two  values  of  A^;  viz.,  A^  = 0.325  mT  (the 

value  of  A^  at  77  K in  Figure  17)  and  A^  = 0.265  mT  (the  minimum  value  of  A^ 
in  Figure  17).  With  the  value  A^  = 0.265  mT,  the  values  of  a = 7.1  x 10-10  s 
and  b = 1.25,  obtained  by  a linear  interpolation,  were  substituted  into  Equa- 
tion (1)  to  obtain  the  values  of  t plotted  in  Figure  18  as  •.  With  the 

cs 

value  A^  = 0.325  mT,  the  corresponding  values  of  a = 5.9  x 10-10  s and  b = 

1.33  gave  the  values  of  Tcg  plotted  in  Figure  18  as  ■.  The  difference  in  the 
values  of  A^  chosen  made  little  difference  in  the  calculated  values  of  T 
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Figure  18  A plot  of  the  correlation  time  for  the  slow  phase,  versus  (temperature)- V 

The  values  denoted  by  • and  ■ were  obtained  by  assuming  = 0.265  and  0.325  m T 

respectively. 

We  suspect  that  at  the  high-temperature  end  of  the  temperature  range 
shown  in  Figure  18,  the  values  of  S^,  and  hence  of  Tcs,  will  be  lowered  by  the 
spectral  overlap  with  the  narrowline  spectrum.  Below  ^ 294  K,  however,  the 
values  of  Sr,  and  hence  T , are  less  affected  by  spectral  overlap  since  the 
intensity  of  the  narrowline  spectrum  is  reduced  with  decreasing  temperature. 

Assuming  that  T is  of  the  form 

T = T°  exp  AE/RT,  (2) 

cs  cs  r 
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the  best  data  fit  below  293  K in  Figure  18  is  AE  = 10.5  I 1.5  kJ-mole 


-1 


The  correlation  times  for  the  TANOL  molecules  in  the  fast  phase,  T 

13  c 

were  evaluated  from  the  theory  originally  developed  by  Kivelson,  which  is 
given  by 


vr 


AH(n-l) 


cf  (n-D(B'-C')  + 2B ' 


(3) 


where  n is  the  square  root  of  the  ratio  of  the  low-field  to  high-field  peak 

intensities,  AH  is  the  center-line  derivative  peak-to-peak  linewidth,  B'  = 

B/t  ,,  C'  = C/t  c with 
cf  cf 


B = 4/15  b (Ay)  Hq  Tcf, 

C = 1/8  b2  T f, 

b=f(Az-V« 

(Ay)  = [gz  - 1/2  (gx  + gy)]. 

In  these  expressions,  H = 340  mT,  3 is  the  Bohr  magneton,  and  h is  Planck's 

o 

constant. 

Substituting  the  principal  values  of  g and  A obtained  from  the  simula- 
tions of  the  rigid  spectra,  one  obtains 


_ 1.524  (n-1)  AH  x 109 
Tcf  2.785  (n-1)  + 2.88  S> 


(4) 


We  measured  n from  234  K to  293  K and  substituted  these  values  into  Equation 
(4)  to  obtain  the  temperature  dependence  of  T^.  It  was  not  possible  to  eval- 
uate the  width  of  the  center  line  because  of  the  overlap  with  the  broad  line. 
We  therefore  used  the  widths  of  the  low-field  line  for  AH.  This  should  be  a 
good  approximation  since  -B  % C. 

The  In  T . versus  1/T  dependence  shown  in  Figure  19  would  indicate  that 
ct 

Tcj.  is  given  by 

Tc£  = exp  AE/RT,  (5) 

with  AE  = 9.3  kJ/mole.  It  is  interesting  to  note  that  at  293  K T ^ = 2.4  x 

10-10  s,  whereas  T = 2 x 10-e  s. 
cs 
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control  the  magnet  (Varian  V-4014)  to  minimize  drift  so  that  weak  signals 

could  be  signal-averaged.  The  100  MHz  and  94  MHz  rf  signals  were  derived  from 

a frequency  synthesizer  (Hewlett  Packard  HP  5100).  The  8 mT  pulsed  rf  mag- 

14 

netic  fields  were  generated  using  a programmable  digital  pulser 
and  a 100  W linear  amplifier  (Electronic  Navigation  Industries  3100L) . A 
transient  recorder  (Biomation  826)  in  conjunction  with  a signal-averager 
(Nicolet  1070)  was  used  to  collect  and  store  the  signal,  and  a computer 
(Digital  PDP-8)  was  used  to  perform  the  Fourier  transforms.  The  data  were 
displayed  on  an  X-Y  plotter  (Moseley  7000A) . 

2.3.2  Conventional  T-|  Measurements 

Temperature— dependent  measurements  of  the  spin— lattice  relaxation  times 

Tx  of  the  protons  in  DMS/BPAC  copolymers  were  performed  using  a 180°-90°  pulse 

sequence.  In  these  measurements,  the  non-equivalent  protons  were  not  resolved; 

hence,  bulk  proton  relaxation  times  were  measured. 

Figure  20  shows  the  measured  temperature  dependence  of  the  bulk  proton 

spin-lattice  relaxation  time  T^  for  a 50  wt%  DMS/BPAC  copolymer  with  = 

20  and  DPorlA„  = 6.  These  data  show  a single  broad  minimum  in  T at  250  K. 

Generally,  the  spin-lattice  relaxation  time  T-^  goes  through  a sharp  minimum 

when  T = 0.62/w  , where  w is  2ir  times  the  spectrometer  frequency.  The 
c o o 

single  minimum  in  our  T^  data  at  250  K shows  that  at  250  K there  is  molecular 
motion  occurring  with  a correlation  time  of  about  10-9  s.  However,  the 
minimum  is  broad,  and  this  indicates  (1)  a distribution  of  correlation  times 
for  the  molecular  motional  process  and/or  (2)  the  presence  of  two  or  more  dis- 
tinct types  of  motion  with  overlapping  minima. 
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Figure  20  Temperature  dependence  of  the  bulk  spin-lattice  relaxation  time  Ti  in  a 50  wt% 
DMS/BPAC  copolymer  with  DPqMS  = 20  and  DPgPAC  = 6- 


2.3.3  Conventional  T2  Measurements 

Temperature-dependent  measurements  of  the  spin-spin  relaxation  times  T 

of  the  protons  in  DMS/BPAC  copolymers  were  performed  by  observing  the  free- 

induction  decay  signal  following  a single  90°  rf  pulse.  The  homogeneity  of 

the  magnetic  field  was  good  enough  to  allow  this  technique  to  be  used. 

Figure  21  shows  the  f ree-induction  decay  signal  of  a 50  wt%  DMS/BPAC 

copolymer  with  DP  = 20  and  DP  = 6.  The  first  characteristic  of  this 
DMS  BPAC 

decay  signal,  which  is  common  to  al L free-induction  decays,  is  the  distinct 
two-component  decay  which  can  be  represented  by 


S ( t ) = Ag  exp [-  ( t/T2G)n ] + A^  exp(-  t/T2), 


where  S(t)  is  the  normalized  free-induction  decay  signal,  A is  the  amplitude 

G 


of  the  pseudo-Gaussian  decay  with  relaxation  time  T , n is  a parameter 

2G 


r 


between  1 and  2,  A^  is  the  amplitude  of  the  Lorentzian  decay  with  relaxation 
time  T^,  and  + A^  = 1.  Typically,  the  pseudo-Gaussian  decay  is  rapid  with 
= 20  + 2 ps  between  130  K and  370  K,  and  it  is  assigned  to  the  relaxation 
of  the  rigid  glassy  phase  of  the  copolymer,  principally  the  BPAC.  The  param- 
eter n is  equal  to  1.25  at  370  K and  increases  to  2 at  130  K.  Above  about 
170  K,  the  Lorentzian  decay  is  slower  with  T£  much  greater  than  100  ps,  and  it 
is  assigned  to  the  relaxation  of  the  rubbery  phase  of  the  copolymer,  princi- 
pally the  DKS.  The  second  characteristic  of  many  of  the  free-induction  decays 
was  the  distribution  of  T^  in  the  Lorentzian  component.  Figure  21  illustrates 
this  characteristic,  where  the  relaxation  time  T^  is  distributed  from  300  ps 
to  410  ps. 

Figure  22  shows  the  measured  temperature  dependence  of  the  spin-spin 
relaxation  time  T£  for  the  rubbery  phase  of  a 50  wt%  DMS/BPAC  copolymer  with 
DPpijs  = 20  and  ^P^p^,  = 6.  The  error  bars  represent  the  maximum  and  minimum 
measured  values  of  T2,  and  they  can  be  interpreted  as  a crude  measure  of  the 
distribution  of  T^  in  the  rubbery  DMS  component.  The  abrupt  increase  in  T2  at 
170  K shows  that  the  correlation  time  for  molecular  motion  of  the  DMS  decreases 
with  temperature,  having  a value  of  approximately  10  Ps  at  170  K,  since  the 

correlation  time  T at  a rapid  transition  in  T„  is  approximately  equal  to  the 
c 1 15 

value  of  T2  at  the  low-temperature  side  of  the  transition.  The  rapid  in- 
crease in  T„  above  170  K for  the  copolymer  is  small  compared  to  the  observed 
^ 16 

increase  in  T2  for  the  DMS  homopolymer,  which  increases  to  over  1 s.  Here, 
the  BPAC  domains  restrict  the  DMS  motion,  and  this  is  demonstrated  by  the  more 
modest  increase  in  T2  with  increasing  temperature. 

The  transition  in  T2  at  170  K is  assigned  to  the  glass  transition  temper- 
ature T of  the  major  portion  of  the  DMS  component  of  the  copolymer;  the  T of 
8 8 
the  uncrosslinked  homopolymer  is  about  150  K.  The  assignment  of  170  K as  T 

8 

is  supported  by  torsion  pendulum  results  which  show  a loss  peak  at  170  K 

4 

assigned  to  the  glass  transition.  The  larger  value  of  T and  more  modest 

8 

increase  in  T2  above  the  transition,  compared  with  those  for  the  homopolymer, 
are  attributed  to  the  effects  of  the  physical  crosslinks  provided  by  the  BPAC 
domains. 
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Figure  22  Temperature  dependence  of  the  bulk  spin-spin  relaxation  time  T2  in  the  rubbery  phase 
of  a 50  wt%  DMS/BPAC  copolymer  with  DPqmS  = 20  and  DPflPAC  = ®- 
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The  f ree-induction  decay  signals  were  used  to  determine  the  ratio  of  the 
number  of  protons  in  the  rubbery  phase  to  those  in  the  rigid  phase.  This  is 
simply  the  ratio  of  the  amplitudes  of  the  two  components  in  the  free-induction 
decay  and  is  denoted  by  3 = A^/A^.  This  is  plotted  along  with  T^  as  a func- 
tion of  inverse  temperature  in  Figure  23.  The  rapid  increase  in  3 at  T * 170 
K corresponds  to  the  bulk  of  the  DMS  becoming  rubbery  at  the  glass  transition 
temperature  T . If  all  of  the  DMS  were  rubbery  and  all  of  the  BPAC  were  rigid, 
then  3 would  be  equal  to  1.47  (the  ratio  of  the  number  of  protons  in  the  DMS 
component  to  those  in  the  BPAC  component).  Fortuitously,  3 is  equal  to  1.5  at 
room  temperature,  but  it  ranges  from  0.7  just  above  the  bulk  glass  transition 
temperature  to  2.3  at  370  K.  We  interpret  this  increase  in  3 with  temperature 
as  evidence  that  a portion  of  the  copolymer  has  a broad  distribution  of  glass 
transition  temperatures.  Section  2.3.7  identifies  this  distribution,  at  least 
in  part,  along  the  length  of  the  DMS  blocks. 
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2.3.4  Multiple-Pulse  Spectra 

The  multiple-pulse  cycle  used  in  this  investigation  contained  eight  0.7 

ys  rf  pulses  with  four  different  phases, ^ and  the  cycle  time  was  48  ys.  The 

nuclear  induction  signal  was  sampled  once  each  cycle  for  1024  or  2048  cycles 

and  was  Fourier  transformed  to  yield  a relatively  high  resolution  spectrum 

18 

suitable  for  studying  these  copolymers.  Figure  24  shows  two  multiple-pulse 
spectra  of  a 50  wt%  DMS/EPAC  copolymer  with  DP.,..,,  = 20  and  bP_„.„  = 6 at  two 

Dob  DrAU 

different  temperatures,  135  K and  310  K.  The  results  of  the  spin-spin  relaxa- 
tion time  T0  measurements  show  that  T0  of  the  DMS  component  below  170  K.  is  10 
ys,  and  this  would  predict  a half-linewidth  st  half-maximum  of  (2n  T2)""1  = 

16  000  Hz.  The  multiple-pulse  linewidth  of  the  methyl  protons  at  135  K is 
only  about  350  Hz,  which  demonstrates  the  effectiveness  of  the  multiple-pulse 
technique  in  reducing  the  dipolar  broadening. 

At  310  K,  the  multiple-pulse  methyl  linewidth  narrows  to  about  75  Hz. 
Apparently,  this  decrease  in  linewidth  with  increasing  temperature  is  caused 
by  further  reduction  in  dipolar  broadening  brought  about  by  increased  molecu- 
lar motion.  On  the  other  hand,  the  multiple-pulse  aromatic  linewidth  did  not 
decrease  significantly  from  135  K to  310  K.  Recall  that  the  spin-spin  relax- 
ation time  T_„  also  remained  unchanged  over  this  temperature  range.  These 
results  support  the  view  that  the  major  portion  of  the  BPAC  component  is  not 
undergoing  extended  segmental  motion  over  this  temperature  range. 
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2.3.5  Multiple-Pulse  Partially  Relaxed  Spectra 

The  multiple-pulse  technique  was  used  to  reduce  dipolar  broadening  and 
permit  the  spin-lattice  relaxation  time  of  protons  with  different  chemical 
shifts  to  be  measured.  The  T^  measurements  were  accomplished  by  inverting  the 
proton  spins  with  a 180°  rf  magnetic  field  pulse  (1.4  Ms  long),  waiting  a time 
T,  and  then  performing  the  multiple-pulse  experiment  to  obtain  a partially 
spin-lattice  relaxed  spectrum  where  the  non-equivalent  protons  can  be  seen 
relaxing  at  different  rates. 

Partially  spin-lattice  relaxed,  multiple-pulse  spectra  of  a 65  wt%  DMS/ 

BP  AC  copolymer  with  DP^  = 100  and  DPBpAC  = 15.9  at  261  K are  shown  in  Figure 
25.  The  aromatic  and  methyl  proton  resonances  are  well  resolved  and  are  seen 
to  relax  at  different  rates.  For  example,  at  0.3  s,  the  aromatic  protons  have 
relaxed  more  than  half  way,  while  the  DMS  methyl  protons  are  still  inverted; 
the  slight  shoulder  to  the  right  of  the  DMS  methyl  proton  resonance  is  the 
BPAC  methyl  proton  resonance  which  is  relaxing  at  virtually  the  same  rate  as 
the  aromatic  proton  resonance.  In  these  partially  spin-lattice  relaxed  spec- 
tra, the  methyl  proton  resonances  of  the  DMS  and  BPAC  are  not  generally 
resolved  except  during  a small  time  interval  in  the  relaxation,  e.g.,  at  T = 

0.3  s.  However,  because  the  aromatic  proton  resonance  relaxes  at  the  same 
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rate  as  the  BPAC  methyl  proton  resonance,  it  is  possible  to  correct  for  the 
overlapping  methyl  proton  resonances  and  determine  the  separate  proton  spin- 
lattice  relaxations  for  the  DMS  and  BPAC  components. 

The  spin-lattice  relaxation  for  the  DMS  and  BPAC  components  is  shown  in 
Figure  26.  Early  in  the  relaxation,  near  T = 0,  the  two  components  relax  at 
significantly  different  rates  as  seen  by  the  difference  in  slopes  of  the  two 
curves.  Later  in  the  relaxation,  the  two  curves  tend  to  become  parallel. 

This  is  because  spin  energy  diffuses  between  the  two  components  and  causes 
them  to  relax  together.  This  spin  diffusion  occurs  via  dipolar  coupling  dur- 
ing the  time  T while  the  multiple-pulse  cycle  is  inoperative. 

Partially  spin-lattice  relaxed  spectra  at  a lower  temperature,  90  K,  is 
shown  in  Figure  27.  At  this  temperature,  the  aromatic  proton  resonance  in 
this  low,  35  wt%  BPAC  copolymer  is  not  resolved  in  the  fully  relaxed  spectrum. 
However,  the  aromatic  proton  resonance  is  resolved  in  some  of  the  partially 
relaxed  spectra.  These  spectra  show  that  at  90  K the  DMS  protons  relax  faster 

than  the  BPAC  protons;  at  261  K,  the  reverse  is  true.  While  T data  for  the 

1 6 20  ^ 

homopolymers  of  DMS  and  BPAC  suggest  that  this  might  happen,  these  experi- 
ments have  demonstrated  for  the  first  time  that  this  occurs  in  the  copolymer. 
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65  wt%  DMS 
^DMS  = 100 
DPBPAC  = 159 
T = 261  K 


t = 4.7  s 


0.4  s 


Figure  25  Partially  spin-lattice  relaxed  multiple-pulse  proton  NMR  spectra  of  DMS/BPAC  block 

copolymer,  r it  the  time  between  the  spin-inverting  pulse  and  the  multiple-pulse  sequence. 


2.3.6  Multiple-Pulse  Tj^  Measurements 

The  Tjp  measurements  were  also  accomplished  by  applying  preconditioning 
pulses  prior  to  initiating  the  multiple-pulse  experiment.  In  this  case,  a 90° 
rt  pulse  (0.7  ps  long)  was  applied  to  the  sample  to  rotate  the  proton  spins 
perpendicular  to  the  large,  static  magnetic  field  H0.  Immediately  after  this 
90°  rf  pulse,  a spin-locking  rf  field  was  applied  to  the  sample.  The  phase 
of  the  spin-locking  field  was  adjusted  to  produce  a rotating  magnetic  field 
which  remained  parallel  to  the  proton  spins  as  they  precessed  about  H0.  In 
this  rotating  frame,  the  spin-locking  field  appears  as  a static  magnetic 
field  to  the  protons.  The  field  was  left  on  for  a time  Tj  during  which 
the  proton  spins  relaxed  to  the  lattice  under  the  influence  of  the  field  H^. 
Immediately  after  turning  off  the  field,  the  multiple-puise  cycle  was 
initiated.  The  resulting  spectrum  was  a partially  spin-lattice  relaxed  spec- 
trum in  the  rotating  frame. 

Partially  spin-lattice  relaxed,  multiple-pulse  spectra  in  the  rotating 

frame  of  a 50  wt%  DMS/BPAC  copolymer  with  DP  = 20  and  DPDnA„  = 6 at  298  K 

DMb  BP AC 

are  shown  in  Figure  28.  A spin-locking  field  of  2.94  mT  was  used.  For  a 
spin-locking  time  of  0.1  ms,  practically  all  of  the  proton  spins  remained 
aligned  parallel  to  the  rotating  magnetic  field  H^;  few  relaxed  to  the  lattice. 
When  was  increased  to  20.1  ms.  Figure  28  shows  that  about  half  of  the 
methyl  protons  have  relaxed  and  more  than  half  of  the  aromatic  protons  have 
relaxed.  The  heights  of  these  resonance  peaks  are  plotted  as  a function  of 
in  Figure  29.  This  figure  '.hows  that  the  spin-lattice  relaxations  of  the  DMS 
and  BPAC  protons  in  the  rotating  frame  are  not  coupled  together  as  they  were 
in  the  spin-lattice  relaxation  in  the  laboratory  frame  (compare  with  Figure 
26).  In  the  rotating  frame,  both  relaxations  are  independent  exponential 
decays.  This  is  because  the  time  required  for  spin  diffusion  to  couple  the 
two  components  is  greater  than  the  time  required  for  each  of  them  to  relax  to 
the  lattice.  The  spin-lattice  relaxation  times  T^  for  the  DMS  and  BPAC  pro- 
tons at  298  K are  31  ms  and  16  ms,  respectively. 

In  an  effort  to  determine  the  correlation  time  T for  segmental  motion 
of  the  DMS  component,  a series  of  partially  spin-lattice  relaxed,  multiple- 
pulse  spectra  in  the  rotating  frame  were  obtained  as  a function  of  temperature 
for  three  different  DMS/BPAC  copolymers.  The  results  of  these  measurements 
are  shown  in  Figure  30.  The  minima  in  T for  the  DMS  protons  in  all  three 
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copolymers  occur  at  180  + 3 K.  Similar  to  T^  , T^  also  goes  through  a minimum 
when  the  correlation  time  for  molecular  motion  is  equal  to  where 

is  the  angular  frequency  of  precession  of  the  protons  about  the  spin-locking 
field  H^.  Since  is  2.94  mT,  T for  DMS  at  a temperature  of  180  K is  1.3  x 
10~6  s. 

To  be  certain  that  these  results  were  not  affected  by  spin  diffusion  to 
or  from  the  BPAC  protons,  we  performed  auxiliary  experiments  in  our  MDRL 
studies  on  a DMS/BPFC  block  copolymer.  Again,  the  DMS  proton  minimum 
occurred  at  180  K.  Since  it  is  unlikely  that  the  BPFC  and  BPAC  would  have  the 
same  correlation  times  for  molecular  motion  at  180  K,  we  conclude  that  these 
experiments  have  measured  the  main-chain  segmental  motion  of  DMS  and  not 
BPAC. 

The  correlation  times  for  DMS  motion  determined  from  the  T^  minimum,  the 
T^  transition,  and  the  T^  minimum  are  plotted  as  a function  of  inverse  tem- 
perature in  Figure  31.  The  three  points  fall  on  a straight  line  whose  slope 
yields  an  activation  energy  for  DMS  molecular  motion  of  40.3  kJ/mole.  This 

is  to  be  compared  with  an  activation  energy  of  50.5  kJ/mole  determined  for 

21 

this  copolymer  by  measuring  the  dielectric  loss  at  tb-2  glass  transition. 

If  only  our  T2  and  T^  data  are  used,  since  the  T^  minimum  was  so  broad,  we 
obtain  an  activation  energy  of  51.9  kJ/mole,  which  is  in  better  agreement  with 
the  dielectric  loss  results.  Finally,  the  value  of  T determined  from  the 
dielectric  loss  data  at  T = 170  K was  9 x 10-6  s which  compares  favorably 
with  the  value  of  10~5  s determined  from  the  T2  transition. 
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2.3.7  Broadline  Partially-Relaxed  Spectra 

Because  the  multiple-pulse  technique  artificially  reduces  dipolar  broad- 
ening, the  linewidths  of  the  resulting  spectra  do  not  reflect  in  a straight- 
forward manner  the  natural  linewidth.  As  a result,  conventional  broadline 
spectra  were  measured.  Partially  spin-lattice  relaxed,  broadline  spectra  were 
obtained  using  a conventional  180°-90°  pulse  sequence  and  Fourier  transforming 
the  resulting  free- induction  decay  signal.  The  widths  of  these  broadline 
spectra  were  much  narrower  than  the  widths  of  the  broad  BPAC  resonance  line- 
widths,  and  the  BPAC  resonance  is  not  seen  in  any  of  these  spectra;  only  the 
DMS  proton  resonances  are  observed. 

A series  of  partially  spin-lattice  relaxed,  broadline  spectra  appear  in 
Figures  32  through  35  for  a 65  wt%  DMS/BPAC  copolymer  with  DP^g  = 100  and 
DPfip^c  = 15.9  from  303  K to  90  K.  The  broad  skirts  and  narrow  peaks  of  the 
fully  relaxed  spectra,  shown  at  the  top  of  the  figures,  indicate  that  the 
resonance  is  probably  produced  by  protons  with  a distribution  of  linewidths. 
This  is  equivalent  to  saying  that  the  DMS  protons  have  a distribution  of  T^'s, 
since  the  half  linewidth  at  half  maximum  is  equal  to  (2tt  T^)-1.  In  Section 
2.3.3,  it  was  concluded  that  the  DMS  protons  had  a distribution  of  T^'s,  so 
the  results  here  are  in  agreement  with  that  conclusion. 

The  distribution  of  l^*3’  or  linewidths,  in  the  DMS  protons  is  caused  by 
a distribution  of  molecular  motion  along  the  DMS  blocks,  and  this  is  revealed 
in  the  partially  relaxed  spectra.  As  an  example,  in  Figure  32  at  0.541  s 
after  the  spin  inverting  pulse,  a broad  upright  resonance  line  coincident  with 
a narrow  inverted  line  is  seen.  The  protons  producing  the  upright  resonance 
are  relaxing  faster  than  the  protons  producing  the  inverted  resonance.  The 
multiple-pulse  spectra  have  shown  that  at  this  temperature,  303  K,  the  protons 
in  the  BPAC  blocks  relax  to  the  lattice  faster  than  protons  in  the  DMS  blocks, 
causing  the  DMS  protons  to  relax  more  rapidly  via  their  spin  diffusion  cou- 
pling to  the  BPAC  protons.  It  follows  that  the  DMS  protons  at  the  ends  of  the 
DMS  blocks  (closest  to  the  BPAC  protons)  will  relax  faster  than  the  DMS  pro- 
tons in  the  centers  of  the  DMS  blocks.  Thus,  in  the  spectrum  at  T = 0.541  s, 
we  can  assign  the  more  rapidly  relaxing  protons  (upright  resonance)  to  those 
near  the  ends  of  the  DMS  blocks  and  the  more  slowly  relaxing  protons  (inverted 
resonance)  to  those  near  the  centers  of  the  DMS  blocks.  Since  molecular 
motion  is  known  to  narrow  dipolar-broadened  resonance  and  the  narrow  resonance 
is  assigned  to  the  protons  at  the  centers  of  the  DMS  blocks,  it  is  concluded 
that  the  centers  of  the  DMS  blocks  are  in  greater  motion  than  their  ends. 


Figure  32  Partially  spin-lattice  relaxed  DMS/BPAC  broadline  spectra,  r is  the  time  between  the 
spin-inverting  pulse  and  the  sampling  of  the  spectra. 


The  spectra  at  different  times  in  the  relaxation  reveal  molecular  motion 
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at  different  distances  from  the  ends  of  the  DMS  blocks.  As  an  example,  the 
spectrum  for  T = 0.451  s shows  a broad  line  emerging  above  the  baseline;  this 
broad  line  is  caused  by  the  protons  close  to  the  ends  of  the  DMS  blocks  adja- 
cent to  the  rigid  BPAC  domains.  The  broader  this  line,  the  more  restricted  is 
the  motion  at  the  ends  of  the  DMS  blocks.  Likewise,  the  spectrum  for  T = 

0.541  s shows  the  narrow  inverted  line  just  before  it  becomes  upright  and  is 
no  longer  observable;  this  narrow  line  is  caused  by  the  protons  closest  to  the 
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Flours  33  Fartially  uim  lattice  relaxed  DMS/BPAC  broadline  spectra,  r is  the  time  between  the 
spin-mverrinq  pulse  and  die  sampling  of  the  spectra. 


centers  of  the  DMS  blocks.  The  narrower  this  line,  the  less  restricted  is  the 
motion  at  the  centers  of  the  DMS  blocks. 

The  spectra  in  the  other  tiguies  for  this  copolymer  at  lower  temperatures 
show  that  the  broad  resonance  produced  by  protons  at  the  ends  of  the  DMS 
blocks  becomes  broader  as  the  temperature  is  lowered.  This  means  the  molecu- 
lar motion  at  t tie  ends  of  the  DMS  blocks  is  reduced  as  the  temperature  is 
lowered.  The  narrow  inverted  resonance  also  broadens  with  decreasing  tempera- 
ture but  to  a les.ser  degree.  This  means  the  motion  at  the  centers  of  the  DMS 
blocks  is  not  reduced  as  much  as  that  at  the  ends  as  the  temperature  is 
lowered.  At  219  K,  an  interesting  result  is  seen;  the  narrow  inverted  reso- 
nance becomes  upright.  This  happens  because  at  219  K the  DMS  protons  relax  to 
the  lattice  faster  than  the  BPAC  protons.  This  reversal  in  the  relative  rates 
of  spin-lattice  relaxation  for  the  DMS  and  BPAC  protons  at  low  temperatures 
was  demonstrated  in  the  multiple-pulse  T^  experiments,  e.g.,  see  Figure  27. 


r 
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Figure  35  Partially  spin-lattice  relaxed  DMS/BPAC  broadline  spectra,  r is  the  time  between  the 
spin-inverting  pulse  and  the  sampling  of  the  spectra. 

The  effect  of  reducing  the  block  lengths  of  the  copolymer  but  keeping  the 
composition  the  same  is  shown  in  Figure  36.  These  spectra  are  for  303  K and 
should  be  compared  with  the  303  K spectra  shown  in  Figure  32.  The  spectra  for 
the  samples  with  shorter  block  lengths  have  increased  linewidths  for  the  pro- 
tons at  the  centers  of  the  DMS  blocks,  but  the  linewidths  of  the  protons  at 
the  ends  of  the  DMS  blocks  are  unchanged;  hence,  only  the  molecular  motion  at 
the  centers  of  the  DMS  blocks  is  reduced  by  decreasing  the  block  lengths. 
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The  effect  of  increasing  the  BPAC  content  but  keeping  the  DMS  block 
length  unchanged  is  shown  in  Figures  37  and  38.  Comparing  Figures  37  and  36, 
which  are  both  at  303  K,  within  experimental  error  no  change  occurs  in  the 
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Figure  37  Partially  spin-lattice  relaxed  DMS/BPAC  broadline  spectra,  r is  the  time  between  the 
spin-inverting  pulse  and  the  sampling  of  the  spectra. 
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Figure  38  Partially  spin-lattice  relaxed  DMS/BPAC  breadline  spectra,  r is  the  time  between  the 
spin-inverting  pulse  and  the  sampling  of  the  spectra. 


resonance  width  of  the  protons  at  the  centers  of  the  DMS  blocks,  but  the  reso- 
nance width  of  the  protons  at  the  ends  of  the  DMS  blocks  increases  as  the 
composition  is  changed  from  65  wt%  DMS  to  25  wt%  DMS  and  the  DMS  block  length 
is  kept  at  = 20.  The  ends  of  the  DMS  blocks  are  probably  more  rigid  in 

the  25  wt%  copolymer  because  the  BPAC  domains  are  larger  than  in  the  65  wt% 
copolymer. 

Thus,  for  the  compositions  and  block  lengths  studied,  the  motion  at  the 
centers  of  the  DMS  blocks  is  not  a function  of  composition  but  is  only  a 
function  of  DMS  block  length.  The  motion  at  the  ends  of  the  DMS  blocks  as  a 
function  of  composition  and  block  length  cannot  be  simply  described  from  these 
results. 

It  is  not  obvious  whether  the  effects  of  the  increased  molecular  motion 

at  the  centers  of  the  DMS  blocks  are  caused  by  a decrease  in  the  correlation 

time  for  molecular  motion  x , an  increase  in  extent  of  motion,  or  a combina- 

c 

tion  of  these  two.  If  it  is  assumed  that  above  170  K the  correlation  time  x 

c 

is  less  than  the  low-temperature  value  of  the  spin-spin  relaxation  time 

(=  10-5  s),  then  the  NMR  linewidth  is  primarily  governed  by  the  extent  of  the 

motion  and  not  by  the  correlation  time  for  the  motion.  In  this  case,  a model 
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can  be  used  to  estimate  the  spatial  restriction  to  molecular  motion.  If  it 
is  further  assumed  that  the  radius  vectors  joining  adjacent  monomer  units  move 
rapidly  in  all  directions  but  are  excluded  from  a cone  of  half  angle  9^,  then 
the  measured  value  of  T^  (=  1 / 2xr  f given  by 


_ 2LT 
T2  = sin2  0 


(6) 


Thus,  the  broad  upright  and  narrow  inverted  resonance  linewidths  can  be  used 

in  this  equation  to  provide  an  estimate  of  the  freedom  of  motion  at  the  ends 

and  centers  of  the  DMS  blocks,  respectively.  The  smaller  the  value  of  0 , the 

o 

less  restricted  and  more  isotropic  is  the  molecular  motion. 

The  order  parameter  S^,  which  does  not  depend  upon  a particular  physical 
model,  can  also  be  used  to  characterize  anisotropic  molecular  motion.  It  is 
the  average  of  the  angle-dependent  dipolar  interaction, 


S = ~ <3  cos ^ 0 - 1>  . 
P 2 


(7) 
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The  order  parameter  is  equal  to  zero  for  isotropic  motion,  and  it  increases 
toward  1 as  the  motion  becomes  more  restricted.  If  the  correlation  time  for 
molecular  motion  is  less  than  the  low-temperature  spin-spin  relaxation  time 

T2LT’  then 


S 

P 


(8) 


These  parameters  are  used  to  quantitatively  characterize  the  molecular 
motion  at  the  centers  and  ends  of  the  DMS  blocks  as  a function  of  temperature 
and  block  length  and  are  listed  in  Table  2. 


TABLE  2 DMS  MOTION  INFERRED  FROM  PARTIALLY  RELAXED  BROADLINE  SPECTRA 


Temperature 

(K) 

Linewidth,  fj^ 
(Hz) 

Restricted  anisotropic  molecular 
motion  parameters 

Sample 

Broad 

upright 

line 

Narrow 

invArtftd 

Ends  of  DMS  blocks 

Centers  of  DMS  blocks 

line 

0o  (deg) 

SP 

dQ  (deg) 

SP 

25  wt  % DMS 

303 

630 

75 

11 

0.04 

3.9 

0.0047 

DPDMS  = 20 

248 

1770 

83 

19 

0.11 

4.1 

0.0052 

dpbpac  = 177 

224 

3000 

146 

26 

0.19 

5.5 

0.0092 

65  wt  % DMS 

303 

350 

20 

8.5 

0.022 

2.0 

0.0012 

DPDMS  = 100 

249 

500 

21 

10 

0.031 

2.1 

0.0013 

DPBPAC  = 159 

234 

540 

25 

10 

0.034 

2.3 

0.0016 

219 

1250* 

210" 

16 

0.079 

6.5 

0.013 

•Inverted  because  DMS  protons  relax  faster  than  BPAC  protons  at  this  temperature. 
••  Upright  because  DMS  protons  relax  faster  than  BPAC  protons  at  this  temperature. 
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3.  PLASTICIZER  EFFECTS  IN  BLOCK  COPOLYMERS 

3 . 1 EPR  Studies 

The  effect  of  the  addition  of  the  plasticizer  solvent  perdeuterocyclo- 
hexane  to  a sample  of  the  block  copolymer  = 6,  ^dmS  = ^ ’ DMS/BPAC  = 

50  wt%)  containing  the  nitroxide  spin  probe  TANOL  was  investigated. 

After  the  addition  of  the  plasticizer  and  within  the  time  taken  to  return 
the  sample  to  the  EPR  cavity  ('v  3 min) , marked  changes  were  observed  in  the 
EPR  spectrum.  The  intensity  of  the  narrowline  spectrum  increased  at  the 
expense  of  the  intensity  of  the  broadline  spectrum.  This  indicates  that  the 
number  of  radicals  in  the  fast  phase  increases  at  the  expense  of  the  number 
of  radicals  in  the  slow  phase.  This  trend,  which  increased  with  time,  is 
illustrated  in  Figure  39.  The  peak-to-peak  intensity  of  the  high-field  line 
of  the  narrowline  spectrum  is  plotted  versus  time  after  the  addition  of  the 
plasticizer  in  Figure  40.  The  time  dependence  of  the  EPR  line  intensities  is 
due  to  the  diffusion  rates  of  the  plasticizing  solvent  into  the  polymer. 

This  suggests  that  this  diffusion  rate  could  be  determined  from  the  EPR  line 
intensity  changes. 

No  changes  were  observed  in  the  extremum  splittings.  A1,  of  the  broad- 

z 

line  spectrum,  and  no  significant  changes  could  be  detected  in  the  linewidths 
of  the  narrow  lines  following  the  addition  of  the  plasticizer.  For  example, 
the  linewidths  of  the  low-field  and  high-field  lines  of  the  narrowline  spec- 
trum of  samples  in  a vacuum  were  0.18  + 0.01  mT  and  0.20  + 0.01  mT,  respec- 
tively, whereas  for  samples  in  vacuum  containing  43  wt%  perdeuterocyclohexane 
plasticizer,  the  corresponding  linewidths  were  0.175  + 0.005  mT  and  0.185  + 
0.01  mT. 

Thus,  the  only  significant  observable  change  in  the  EPR  spectrum  of  the 
TANOL  following  addition  of  the  plasticizer  was  an  increase  in  a,  the  ratio 
of  the  number  of  radicals  in  the  fast  phase  to  the  number  in  the  slow  phase. 

We  have  made  quantitative  measurements  of  the  changes  in  EPR  spectrum 
brought  about  by  different  amounts  of  plasticizer  content.  The  measurements 
were  made  in  samples  with  50  wt%  DMS/BPAC  (DPDn.„  = 6,  DP_.U„  = 20)  at  294  K 
exposed  to  air.  Figure  41  is  a plot  of  a,  the  ratio  of  the  areas  under  the 
narrowline  and  broadline  absorption  spectra  as  determined  by  the  double 
integration  method  of  the  derivative  spectra  as  described  in  Section  2.2.5, 
versus  the  wt%  of  plasticizer  content.  As  can  be  seen  from  Figure  41, 
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Figure  40  Peak-to-peak  height  of  the  high  field  line  in  fast  phase  versus  time  after  addition  of  the 
perdeuterocyclohexane  plasticizer  to  the  sample.  The  sample  which  had  a DMS/BPAC 
ratio  = 50  wt%  and  block  lengths  DPqMS  = 20,  DPbpAC  = 6 contained  TANOL. 


for  small  values  of  a (below  plasticizer  contents  of  30  wt%)  , there  is  an 

approximate  linear  relation  between  a and  plasticizer  content.  Above  30  wt%, 

the  data  in  Figure  41  would  appear  to  indicate  a deviation  from  linearity. 

Unfortunately,  as  a increases,  the  uncertainty  in  its  value  also  increases. 

As  is  described  in  Section  2.2.5,  this  arises  because  of  the  uncertainty  in 

estimating  the  area  under  the  center  narrow  line  because  of  the  spectral 

overlap  with  the  broadline  spectrum. 

Since  neither  the  narrowline  or  broadline  spectrum  changes  shape  with 

increasing  plasticizer  content,  the  ratio  of  the  height  of  the  low-field 

peaks  in  the  narrowline  (hc  in  Figure  42)  and  broadline  spectrum  (h  in 

f s 
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Figure  41  A plot  of  a versus  plasticizer  content.  The  block  copolymer  sample  was  50  wt% 

DMS/BPAC  (DPBPAC  * 6.  DPDMS  “ 20);  the  plasticizer  was  perdeuterocyclohexane. 
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Figure  42  An  illustration  of  X,  the  peak  height  ratio  (=  hf/hs). 


Figure  42)  should  be  proportional  to  a,  the  ratio  of  the  number  of  radicals 
in  the  fast  phase  to  the  number  of  radicals  in  the  slow  phase.  We  have 
measured  this  peak  height  ratio  (X  = h^/h^)  versus  plasticizer  content,  and 
the  results  are  plotted  in  Figure  43.  There  is  some  spectral  overlap  of  the 
low-field  peaks  of  the  broadline  and  narrowline  spectra.  This  overlap  was 
estimated  by  assuming  a Lorentzian  lineshape  for  the  low-field  narrow  line 
and  calculating  its  contribution  at  the  magnetic  field  value  corresponding  to 
the  low-field  peak  of  the  broadline  spectrum.  This  contribution  was  calcu- 
lated to  be  0.85 % of  the  low-field  narrowline  intensity.  The  measured  values 
of  X which  were  corrected  for  this  overlap  are  plotted  in  Figure  43,  which 
shows  that  X is  linearly  proportional  to  plasticizer  content  up  to  values  of 
50  wt%  plasticizer. 

The  only  significant  changes  observed  following  the  addition  of  the 
perdeuterocyclohexane  plasticizer,  viz.,  the  increase  in  intensity  of  the 
narrowline  spectrum  and  corresponding  decrease  in  intensity  of  the  broadline 
spectrum,  can  be  rationalized  in  terms  of  the  model  described  in  Section 
2.2.6.  The  effect  of  the  plasticizer  is  to  restore  the  segmental  motional 
activity  to  the  DMS  blocks  which  are  restricted  by  the  rigid  BPAC  domains. 
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Figure  43  A plot  of  A,  the  ratio  of  the  peak  heights  of  the  low-field  lines  in  the  narrowline  and 
broadline  spectra  versus  perdeuterocyclohexane  plasticizer  content. 
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In  so  doing,  the  TANOL  radicals  bound  to  these  DMS  blocks  are  released  and 
go  from  the  slow  phase  to  the  fast  phase.  The  EPR  linewidths  show  that  once 
in  the  fast  phase,  the  motions  of  the  TANOL  radical  are  affected  little  by 
the  presence  of  the  plasticizer,  i.e.,  below  50  wt%  plasticizer. 

It  is  interesting  to  compare  the  EPR  plasticizer  results  with  the  tem- 
perature dependence  of  the  EPR  spectra.  From  Figure  41,  the  addition  of  50 
wt%  plasticizer  increases  a from  u = 0.12  to  a = 0.4;  the  corresponding 
temperatures  at  which  a = 0.12  and  a = 0.4  are  seen  from  Figure  16  to  be  293 
and  345  K.  Thus,  the  addition  of  50  wt%  perdeuterocyclohexane  produced  the 
same  EPR  results  as  though  the  sample  temperature  had  been  raised  by  52  K. 
Alternatively,  this  may  imply  that  the  addition  of  50  wt%  plasticizer  is 
equivalent  to  a lowering  of  the  T^  of  the  central  regions  of  the  DMS  blocks 
by  52  K. 


3. 2 NMR  Studies 

Perdeuterocyclohexane  (CgD^)  was  used  to  plasticize  a 50  wt%  DMS/BPAC 
copolymer  with  DP  = 20  and  DP  = 6.  Perdeuterocyclohexane  is  a good 
solvent  for  DMS  and  a poor  solvent  for  BPAC,  and  LeGrand  has  shown  that  it 
preferentially  plasticizes  the  DMS  component  of  the  copolymer. 

Broadline  spectra  of  this  copolymer  at  303  K in  the  presence  of  atmo- 
spheric oxygen  with  plasticizer  contents  between  50  and  90  wt%  resolved  an 
aromatic  proton  resonance  and  a methyl  proton  resonance.  This  is  shown  for 
a 59  wt%  plasticized  sample  in  Figure  44  for  t = 2.7  s.  The  aromatic  reso- 
nance line  appears  to  be  a superposition  of  a narrow  and  a broad  line.  The 
narrow  aromatic  line  and  the  methyl  line  are  both  about  130  Hz  wide,  and  the 
broad  aromatic  line  is  about  370  Hz  wide.  In  the  unplasticized  copolymer, 
the  aromatic  line  is  about  7 000  Hz  wide,  and  the  methyl  line  is  about  300  Hz 
wide  at  room  temperature,  so  the  plasticizer  had  a considerable  effect  on  the 
linewidth  and,  hence,  molecular  motion  in  both  DMS  and  BPAC  components. 

The  ratio  8 of  the  number  of  protons  in  the  rubbery  phase  to  the  number 
in  the  rigid  phase  was  determined  from  the  f ree-induction  decay  signal,  as 
described  in  Section  2.3.3.  For  a 59  wt%  plasticized  sample,  the  free-induc- 
tion  decay  consisted  of  two  Lorentzian  components  with  amplitudes  of  0.275 
and  0.725  and  relaxation  times  of  23  ps  and  958  + 144  ps,  respectively.  This 
yields  l 8 of  2.64,  which  is  greater  than  the  value  of  8 = 1.5  measured  in 
the  unplasticized  copolymer.  From  the  known  composition,  the  ratio  of  the 
number  of  protons  in  the  DMS  to  the  number  in  BPAC  is  1.47;  therefore, 
approximately  32%  of  the  BPAC  protons  contribute  to  the  rubbery  signal. 
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The  plasticizer  has  an  effect  on  the  copolymer  which  is  equivalent  to 
an  increase  in  temperature.  This  equivalence  can  be  obtained  from  Figure  23 
which  shows  that  the  value  of  0 = 2.64  observed  in  the  59  wt%  plasticized 
copolymer  at  303  K is  observed  in  the  unplasticized  copolymer  at  the  higher 
temperature  of  362  + 25  K.  Also,  this  equivalence  can  be  obtained  from  the 
T1  data  in  Figure  20,  which  show  that  the  T^  = 0.52  s observed  in  the  59  wt% 
plasticized  copolymer  at  303  K (corrected  for  oxygen  effects)  was  observed  in 
the  unplasticized  copolymer  at  345  K. 


4.  EPOXY  RESINS 


4.1  EPR  Studies 

As  part  of  this  study  contract,  we  evaluated  the  feasibility  of  using  the 
spin  probe  EPR  technique  to  study  glass  transition  phenomena  in  epoxy  resin 
systems.  Samples  of  the  resin  bisphenol-A-diglycidyl  ether  (DER  332)  cured 
with  diethylene  triamine  (DETA)  containing  amounts  of  the  stable  nitroxide 
TANOL  were  prepared.  The  nitroxide  radical  was  dissolved  in  the  DETA  to  known 
concentrations  0.09  wt%) , and  the  correct  stoichiometric  amount  of  this 
DETA  solution  was  added  to  the  resin. 

A sample  of  this  DER  332/DETA  mixture  containing  TANOL  was  monitored  by 
the  EPR  signals  at  intervals  during  the  cure.  The  series  of  spectra  shown  in 
Figure  45  was  obtained  at  30,  60,  120,  and  270  min  into  the  cure.  The  changes 
in  the  EPR  lineshapes  from  Figure  45(a)  to  Figure  45(d)  indicate  that  the 
motions  of  the  TANOL  radical  are  slowing  as  the  cure  proceeds.  Although  no 
great  efforts  were  taken  to  ensure  that  the  temperature  of  the  DER  332/DETA 
mixture  did  not  rise  above  293  K,  a thermocouple  located  at  a point  3 mm 
below  the  sample  tube  recorded  only  a small  temperature  rise  (<  3 K)  when 
the  spectra  ware  being  recorded.  Thus,  the  EPR  spectral  lineshapes  are  a 
sensitive  indicator  of  the  curing  extent  during  the  early  stages  of  the  cure 
(up  to  270  min  in  this  particular  sample). 

Other  samples  of  this  DER  332/DETA  resin  containing  TANOL  were  molded 
into  4 mm  diam  rods  and  kept  at  293  K.  EPR  spectra  taken  at  293  K up  to  15 
days  after  the  curing  showed  no  observable  changes  in  lineshape  or  intensity. 
Thus,  the  nitroxide  radical  TANOL  is  chemically  stable  in  the  cured  epoxy  rods 
up  to  at  least  15  days  after  curing  and  probably  is  indefinitely  stable  if 
kept  at  293  K. 

The  temperature  dependence  of  the  EPR  spectra  of  these  rod  ..amples  is 
shown  in  Figure  46.  The  observable  differences  of  the  spectra  taken  at  373  K 
and  293  K from  that  taken  at  77  K in  Figure  46  show  that  the  TANOL  molecules 
are  undergoing  rotational  motions  at  these  temperatures.  This  suggests  that 
the  TANOL  molecules  should  be  a sensitive  spin  probe  of  glass  transition 
phenomena  in  this  resin  matrix. 
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diglycidyl  ether  (DER  332)  and  the  hardener,  diethylene  triamine  (DETA):  (a)  30 
min  into  cure,  (b)  60  min  into  cure,  (c)  120  min  into  cure,  (d)  270  min  into  cure. 
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4.2  NMR  Studies 

Preliminary  room-temperature  NMR  experiments  were  performed  to  determine 
the  feasibility  of  using  these  techniques  to  study  the  effects  of  water  in 
cured  epoxy  resins.  The  free- induction  decay  signal  of  a cured  epoxy  resin 
containing  about  3 wt%  water  displayed  two  components  similar  to  those  seen  in 
the  block  copolymer.  One  component,  assigned  to  the  protons  in  the  rigid 
epoxy  resin,  was  large  in  amplitude  and  had  a spin-spin  relaxation  time  T£  of 
8 ps.  The  other  component,  assigned  to  the  protons  associated  with  the  more 
mobile  water,  was  small  in  amplitude  and  had  a spin-spin  relaxation  time 
of  260  ps.  Observing  the  f ree-induction  decay  signal  at  various  times  after 
applying  a 180°  spin  inverting  pulse,  to  measure  the  spin-lattice  relaxation 
time  T^,  showed  that  the  two  components  had  different  T^'s,  but  it  was  diffi- 
cult to  measure  them  independently  with  good  precision. 

To  independently  measure  the  T^'s  of  the  two  components,  two  different 
types  of  spectra  were  obtained:  1)  multiple-pulse,  high-resolution,  partially 
spin-lattice  relaxed  spectra,  and  2)  conventional,  partially  spin-lattice 
relaxed  spectra.  The  multiple-pulse  spectra  did  not  resolve  the  two  compo- 
nents, and  the  single  peak  obtained  was  dominated  by  the  large  signal  with 
the  T 2 of  8 us.  On  the  other  hand,  the  conventional,  partially  spin-lattice 
relaxed  spectra  are  dominated  by  the  small  signal  with  the  T2  of  260  ps. 

Figure  47  shows  the  normalized  resonance  peak  heights  obtained  from  these  two 
different  spectra  at  various  times  t after  the  spin  inverting  pulse.  These 
data  show  that  the  protons  in  the  rigid  epoxy  are  relaxing  to  the  lattice 
slower  than  the  protons  associated  with  the  water.  The  fact  that  the  two 
curves  become  parallel  to  one  another  for  i > 0.05  s indicates  that  the  pro- 
tons in  the  epoxy  are  coupled  to  those  in  the  water. 

The  results  show  that  it  is  possible  to  independently  measure  the  spin- 

spin  and  spin-lattice  relaxation  times  of  the  protons  in  the  epoxy  and  the 

water.  Also,  the  two-component  nature  of  the  free- induction  decay  signal  can 
be  used  to  measure  the  ratio  of  the  rigid  protons  associated  with  the  cured 
epoxy  to  the  more  mobile  protons  associated  with  the  water  in  the  same  way  as 
was  done  in  Section  2.3.3  with  the  block  copolymer.  This  should  prove  use- 
ful in  detecting  and  monitoring  reversion  because  the  relative  number  of 
mobile  protons  increases  as  the  reversion  takes  place. 


5.  CONCLUSIONS 


5.1  Block  Copolymers 
Electron  Parama gnetic  Resonance 

• Result  - Above  220  K,  there  were  two  and  apparently  only  two  radical 
phases  present,  wherein  the  TANOL  radicals  are  undergoing  slow  molecular 
motions  (the  slow  phase)  and  fast  molecular  motions  (the  fast  phase). 
Conclusion  - (a)  The  correlation  time  for  the  TANOL  radical  motion  is 
sensitive  to  the  radical  environment  in  the  polymer,  i.e.,  whether  the 
environment  is  rigid  or  is  undergoing  main-chain  segmental  motions.  (b) 
Between  230  K and  293  K,  the  correlation  time  for  the  TANOL  radical  in 
the  slow  phase  in  the  50  wt%  copolymer  (DPDMC,  = 20,  DPgpAC  = 6)  is 
approximately  given  by  T = 2.56  x 10-10  exp  (10.5  kJ  mole  VRT)  s. 

(c)  Between  250  K and  300  K,  the  correlation  time  for  the  TANOL  radical 
in  the  fast  phase  is  given  by  T ^ = 5.25  x 10~12  exp  (9.3  kJ  mole-1/RT)  s. 

• Result  - a,  the  ratio  of  the  number  of  radicals  in  the  fast  phase  to  the 
number  of  radicals  in  the  slow  phase,  increased  with  temperature  such 
that  In  a oc  - AH/RT,  where  AH  = 20.5  kJ  mole-1  and  R is  Che  universal  gas 
constant . 

Conclusion  - (a)  This  variation  of  a with  temperature  indicates  that 
there  is  a distribution  of  segmental  motional  activity  along  the  DMS 
blocks.  (b)  The  radical  is  bound  in  the  slow  phase  and  'free'  in  the 
fast  phase  so  that  when  the  radical  environment  undergoes  segmental 
motions,  the  radical  makes  a discontinuous  jump  into  the  fast  phase. 
Hence,  as  the  temperature  is  increased,  the  region  of  segmental  motional 
activity  grows  outwards  from  the  centers  of  the  DMS  blocks  and  the  num- 
ber of  radicals  in  the  fast  phase  (and  hence  a)  increases. 

Nuclear  Magnetic  Resonance 

• Result  - The  spin-lattice  relaxation  time  T^  and  the  spin-lattice  relaxa- 
tion time  in  the  rotating  frame  T^  were  observed  to  go  through  minima, 
and  the  spin-spin  relaxation  time  was  observed  to  go  through  a transi- 
tion as  the  copolymer  temperature  was  varied. 


Conclusion  - The  correlation  time  for  DMS  motion  in  the  50  wt%  copolymer 
with  DP  = 20  and  DP„  = 6 is  given  by  T = 4.19  x 10-18  exp  (40.3 


DMS 

kJ  mole-1/RT)  s. 


20  and  DP, 


= 6 is  given  by  x^  = 4.19  x 10” 
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• Result  - 6,  the  ratio  of  the  number  of  protons  in  the  rubbery  phase  to 
those  in  the  rigid  phase,  as  determined  from  the  free-induction  decays, 
increased  abruptly  at  the  glass  transition  and  then  slowly  increased  as 
the  temperature  was  increased. 

Conclusions  - A distribution  of  glass  transition  temperatures  exists  in 
the  DMS  component,  and,  as  the  temperature  is  increased,  more  of  the  DMS 
passes  through  its  glass  transition  and  contributes  to  the  rubbery  phase. 
Finally,  as  the  temperature  is  further  increased,  some  of  the  BPAC  passes 
through  its  glass  transition  and  contributes  to  the  rubbery  phase. 

• Result  - The  broadline  partially  spin-lattice  relaxed  spectra  of  the  DMS 
component  displayed  coincident  upright  and  inverted  spectral  lines  whose 
widths  were  a function  of  block  length. 

Conclusions  - The  DMS  motion  at  the  centers  of  the  DMS  blocks  is  less 
restricted  than  the  motion  at  the  ends  of  the  DMS  blocks,  and  the  motion 
at  the  centers  becomes  less  restricted  as  the  DMS  block  length  is 
increased . 

• Result  - The  widths  of  the  narrow  inverted  and  upright  broad  resonances 
seen  in  the  partially  spin-lattice  relaxed  broadline  spectra  changed 
disproportionately  as  the  temperature  was  varied. 

Conclusions  - As  the  temperature  is  increased  from  below  the  glass  tran- 
sition, extensive  molecular  motion  occurs  in  a small  region  at  the  cen- 
ters of  the  DMS  blocks.  As  the  temperature  is  increased  further,  this 
region  of  extensive  motion  grows  from  the  centers  to  the  ends  of  the  DMS 
blocks  and  behaves  as  if  a distribution  of  T^  existed  along  the  DMS 
blocks,  Tg  being  lowest  at  the  centers  of  the  DMS  blocks. 

5.2  Plasticizer  Effects  in  Block  Copolymers 


Electron  Paramagnetic  Resonance 

• Result  - The  EPR  spectra  of  the  TANOL  spin  probe  changed  upon  addition  of 
the  perdeuterocyclohexane  plasticizer,  the  most  significant  effect  being 
that  a was  linearly  proportional  to  plasticizer  content  up  to  50  wt% 
amounts  of  plasticizer. 

Conclusion  - (a)  The  size  of  the  DMS  regions  undergoing  segmental  motions 
increases  with  increasing  amounts  of  perdeuterocyclohexane  (i.e.,  these 
regions  are  plasticized)  , and  hence  the  number  of  TANOL  radicals  which 
are  'free'  and  in  the  fast  phase  also  increases.  (b)  The  EPR  spectra 


71 


could  be  used  to  measure  plasticizer  diffusion  rates  and  plasticizer 
concentrations  in  copolymers. 

Nuclear  Magnetic  Resonance 

• Result  - The  presence  of  a perdeuterocyclohexane  plasticizer  in  the 
copolymer  reduced  the  NMR  linewidth  of  both  the  aromatic  and  methyl  pro- 
ton resonances,  but  the  area  beneath  the  aromatic  resonance  peak  was 
smaller  than  expected. 

Conclusions  - Molecular  motion  in  all  of  the  DMS  component  and  32%  of  the 
BPAC  component  is  increased  significantly  by  the  addition  of  59  wt%  plas- 
ticizer. 

5 . 3 Epoxy  Resins 

Electron  Paramagnetic  Resonance 

• Result  - The  TANOL  spin  probe  was  stable  in  the  DER  332/DETA  epoxy  resin 
system,  and  its  EPR  spectrum  was  temperature  dependent. 

Conclusion  - Nitroxide  radicals  should  be  sensitive  spin  probes  of  glass 
transition  phenomena  in  this  epoxy  matrix. 

Nuclear  Magnetic  Resonance 

• Result  - A cured  epoxy  resin  containing  water  was  found  to  exhibit  two 
spin-spin  and  spin-lattice  relaxation  times. 

Conclusion  - The  moist  epoxy  is  a two-phase  system  as  opposed  to  a 
homogeneous  system,  and  the  NMR  techniques  used  to  study  block  copolymers 
will  be  useful  in  studying  moist  epoxy  resins. 

5.4  General 

The  conclusions  of  both  the  EPR  and  NMR  experiments  support  the  idea  that 

there  is  a distribution  of  segmental  motion  along  the  DMS  blocks  and,  as  the 

temperature  is  increased,  the  segmental  motional  activity  proceeds  outward 

from  the  centers  of  the  DMS  blocks.  This  implies  that  the  copolymers  behave 

as  though  there  is  a distribution  of  glass  transition  temperatures  associated 

with  the  different  regions  of  the  DMS  blocks. 

The  values  of  the  correlation  times  for  DMS  motion  (Tc)>  radical  motion 

in  the  slow  phase  (T  ),  and  radical  motion  in  the  fast  phase  (T  ir)  are  such 

cs  ct 

that  T , < T < T , e.g.,  at  250  K T , = 4.6  x 10~10  s,  T = 1 x 10“9  s and 
cf  c cs  cf  c 

- U x 10~a  s.  The  relative  order  of  these  times  is  as  expected  since  in 
. »*t  phase  the  radicals  are  'free1  to  undergo  end-over-end  rotational 
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motions,  and,  in  the  slow  phase,  there  are  no  segmental  motions  but  only 
restricted  radical  motions. 

The  EPR  results  with  varying  composition  described  in  Section  2.2.7  and 
also  the  NMR  results  with  the  plasticized  samples  described  in  Section  3.2 
indicate  that  not  all  the  BPAC  blocks  are  associated  into  domains. 

The  results  on  epoxy  resins  indicate  that  further  EPR  and  NMR  measure- 
ments would  provide  information  concerning  the  effects  of  water  on  glass 
transition  phenomena  in  epoxy  resins  as  well  as  plasticizer  effects  in  other 
polymer  systems . 

24—28 

To  date,  five  papers  have  been  presented  at  conferences  which 

describe,  in  preliminary  form,  the  work  reported  herein. 
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